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ABSTRACT 


CORRELATION MEASUREMENTS IN IME 
BOUNDARY LAYER OF A FLAT PLATE 
by 
WILLIAM L. MARTIN, III, LIEUTENANT, U. S. NAVY 


ARTHUR T. WHITE, LIEUTENANT COMMANDER, U. S. NAVY 


Submitted to the Department of Nuclear Engineering 
on July 21, 1958, in partial fulfillment of the require- 
ments for the degree of Master of Science. 


The objective of this thesis was to assemble an instrumentation 
system and make limited measurements of correlation quantities in the 
beundary layer of a flet plate with an unheated starting length. 


A system consisting of suitable probes, amplifier, calibration and 
measuring circuits, and voltmeter was assembled and tested, A series 
of measurements of the characteristic quantities of turbulent fluid 
flow were made by a traverse through the boundary layer at one location 
on the plate. 


Although there is considerable scatter in the results, the system 
can be expected to give satisfactory results after the recommended 
equipment modifications and test procedures are effected. 


Thesis Supervisor: ER, J. Nickerson 
Title: Assistant Profeasor of Mechenical Engineering 
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I. INTRODUCTION 


In the theory of turbulent fluid flow end heat transfer, the correlated 
quantities uv and vt have particular significance. The simplified equations 
that describe the boundary Layer over a heated flat plate way be written as: 
(See Appendix B for derivation) 

Momentum transfer: 
set Ptpt tp wy = % HS pW - pi: @ 


Energy transfer: 


bs eee” sand — o ey am tin eee 

ont 2 - on 

S (UT + ut ) a '* dy ¥r ~ vt). (2) 

Analytical solution of these equations is possible only undex very 
restrictive conditions. For such solutions the following definitions of 


the eddy shear stress coefficient, Em and the eddy energy transfer coefficient, 
€h are introduced: 


wt +f oY (3) 
and 
ve = “th 5 (4) 


Assumed analogies between these coefficients together with suitable boundary 
conditions has been am accepted mathod for solving problems for 4 great many 
years. Very little work has been done, however, to actually measure uv and 
vt and experimentally eubstantiate the theory. 

The literature contains little data other than that of Johnson in 


ref. 1. Re obtained measurements of these and other quantities in the 
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boundary layer over a flat plate with an unheated starting length. His 
results are given for only one vertical exploration of the boundary layer, 
ead they agree with the expected behavior of uv end vt as functions of 
distance from the heated plate. 

It has been proposed that a thorough lavestigation of the thermal 
boundery layer properties be undertaken at M.I.T. Therefore, it is of 
fundamental importance to design an instrumentation system of sufficient 
sensitivity and accuracy to evaluate such properties. 

It was the purpose of this thesis to asaemble such an inetrumentaetion 
system and make preliminary measurements over @ heated flat plate. Theoreti- 
cally a hot-wire anemoneter system will provide sufficient data for caleulating 
uv and vt. A besic system was assembled and tested. Certain components vere 
available in the laboratory, and the remaining items were selected from 
commercially aveilable instruments. Appendix PD contains a deacription of 


the equipment. 
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11, PROCEDURES 


The experiment was conducted in the Heat Measurement Laboratory using 
one of the small scale wind tunnels. The boundary layer wes developed 
ever a 40° aluminum plate resting on the bottom of the tunnel. The last 
twelve-inch section of the plate was heated by a coil of resistance 
heating wire on the underside. Measurements were made along a vertical 
traverse through the boundary layer ten inches from the start of the 
heated section. 

The hot-wire anemometer equipment consisted of hot-wire probes, a 
Flow Corporation HWS amplifier and bridge unit and a Ballantine 320 true 
root-mean-square volt-meter. 

Two different hot-wire anemometer probes were used. One was a single- 
wire; the other a VY-wire probe. Appendix D describes the equipment in 
greater detail. 

Because the V-probe soon proved unacceptable, the single-wire probe 
was used thereafter. Orienting the wire first at plus 45°, then at minus 
45° to the free stream velocity gave the desired data. Since only the 
time-averaged quantities enter the calculatione, data for each orientation 
did not need to be taken at the same time. 

After thermal aging for a half-hour, the wire was carefully calibrated 
by recording the wire current at each resistance ratio for various wind 
velocities. A micromanometer was used to obtain accurate velocities. 


A plot of 1” va ¥U appears in Fig. 8 for y # 1.2 and 1.4. These 
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curves agree with the characteristic straight lines predicted by the King 
equation. 
Prom these curves it is possible to calculate I' from equation (36), 


where 


‘wy .- (5) 
As equation (72) predicts, the quantities uv and vt are related by 


7 =, - 2 Me 
CrerTersy 


Msen ~ Men b Mson 
. v2. 
= = uv + a y Tat “f a } (rT. + %) vt, (6) 


where the subscripts a and b denote the quantities for the two wire orienta- 
tions. It is important that the wires of whatever probe is used be correctly 
angled to the flow, ice.t 45° for this case. 

The procedure for measuring and calculating these quantities follows: 

Ref. 12, the HWS Instruction Book, describes how to compute the square- 
wave current and how to set the desired resistance ratios. Briefly, the 
“Bridge Null" dial of che HWS is adjusted to balance the bridge for a 
"cold" current in the wire of about one and a half milliamps. 

At one of the available resistance ratios, the current is increased in 
the wire until the bridge is again balanced. The values of resistance ratio 
and "bridge riull" dial setting then enter the calculation of square-wave 
current as shown in Appendix E, 

The following sequence of readings was obtained at the maximum tunnel 


velocity of 26 ft/sec with the plate first unheated, then heated: 
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With the wire at plus 45°, valueea of M M and I, were recorded 


en® “8cn 


at resistance ratios of 1.2 and 1.4. This wee repeated at predetermined 
distances, y, above the plate as weasured by the micro-traverse gear, 
starting where the probe shank touched the plate. 

Values of Mgr, Mgcn 2n¢ Ty were subsequently recorded with the wire 
at minus 45° for the same values of Je 

The purpose of the hot and coid plate readings becomes clear when one 


assumes t = 0 for the unhested plate. Then equation (72) is 


2 
ww 2-2 hs)’ (Min S (2 - Mf a 
% % 7 P ry 
» 3 Mscn ~ Men Mgen ~ Min’ | 
Rowever, with the heated plate the full equation applies. 
Ke 


The remaining part of the coafficient of vt, Y- lt <Cig-te)] ) 
may be calculated as shown in Appendis: k. 

Making measuremants at two resistance ratios gives tvo simultaneous 
equations at each y. Solution of these equations gives uv and vt for the 
hot plate, and uv for the cold plate. With the plate cold uv is over- 
determined, so the average of the two equations was takon. 

A traverse of the boundery layer with the wire perpendicular to the 
mean flow gives a comparison ef the wire current with that tn the free 
ostream. From the 7? ve (U calibration data on the wire, the average 
velocity as a function of y can be picked off. 

Similarly, a measurement of wire currents at a oosition first with 
the plate heated, then unheated, allows calculation of the temperature rise 


above ambient by the method of Appendix E, 
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Til. RESULTS 


A. Figure 1 tows Bie. as a function of vertical distance from 
the plate for the heated and unheated conditions. Reasonable agreement 
with published data is demonstrated. The value of this quantity is 
greater in the heated plate condition than for the cold plate, as was 
noted in reference (1). 

Figure 2 is a greph of the temperature (Tg-Te)/(Ts-Te) and 
velocity (U/Us) profiles acrose the boundary layer. 

Figure 3 is a plot of uv/t-, and vt/Ues (Te-Te) for the heated plate. 
The best data obtained is shown. The extreme scatter of the data precludes 
computing Ea and Eh as functions of y in order to establish an analogy 
between them. 

B. The basic instrumentation selected includes: (a) a hot wire probe 
with 6.00015" tungsten wires; (b) a Flow Corporation, Hot Wire Anemometer, 
model WB; and (c) a modified Ballantine Laboratory, True RMS Voltmeter, 
model 320, This equipment will measure accurately the properties of a 
momentum boundary layer. It is probable that the additional properties of 
a thermal boundary layer can also be detected with this inotrumentation; 
however, this cannot be stated conclusively. Appropriate recommendations 


are included in section VI. The equipment is illustrated in figure 4. 
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IV. DISCUSSION OY RESULTS 


A. The plot of uv/U2, in Fig. 1 has about the seme order of magnitude, 
although somewhet higher, as that shown by Johnson in ref. 1. The slope 
of this curve is much greater than Johnson's however. He did obtain two 
ex three points close to the heated plate that are much higher than those 
for the cold plate. Further from the plate Jolmeon's velocity correlation 
quentities are almost identical for the heated aud unheated concitions. 
@n the other hand, the quantities shown in Fig. 1 for the heated 
plate remain gemerally higher than fer the cold plate over the span 
measured. This differance could easily be due te experimental error, 
however there is a possible explanation. Thermal convection from the 
heated plate could be expected to disrupt the laminar sudlayer causing 
some increase in the turbulence of the flow close to the plate. Fluid 
moving from the gubleyer would have lower velecities and therefore tend 
to correlate a{~u) with a(-v) to add to the quantity (-uv) for the cold 


plete. 


B. The plots of U/U. and (Tg-Te)/(Ts-Te) as a function of distance fron 
the plate show the typical characteristics of these functions. The velocity 
profile indicates that measurements should be taken closer to the plate to 
further delineate the shape of the curve. To do this a much shorter het- 


wire would be needed. 
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Ratrapolating the curve of Tg-Te in Fig. 10 to the plate gave en 
estimated plate surface temperatura, Ts, of 8° ¢ above ambient. Guch a 
low temperature difference made temperature measurements difficult. 

Another more accurata method of measuring temperature would be to 
record the bridge null at “cold current” (about one and a half milliamps) 
while traversing the boundary layer. For this a bridge gelvanometer 
amplifier is required to enable more accurate bridge null settings than 
{s possible with this model HWE. The later Nv? models do incorporate such 


an amplifier. 


C. As stated in the Results, the scatter in the computed pointe vt /Uso (Ts-Te) 
in Fig. 3 did not warrant calculation of Sm and Eh by equations (3) and (4). 
This is one of the most important ultimate goals of these measurements thet 
was not realized in thie thesis. No reliable curve of vt can be inferred , 
and several attempts to deduce better values of this quantity produced no 
better results than those shown. A higher plate temperature would likely 
give larger, more-easily-measured quantities, 

The data doea not show tha predicted behavior of uv and vt going to 
zero at the plate. At the closest approach, the center of the wire is 
still 0.068 inches from the plate. Any decrease in these quantities must 


therefore be fnside this distance. 


D. The equations (69) and (70) in Appendix B for two wires apply also for 
wires mounted on an X-probe. Johnson used an X-probe with both wires hot 
for detecting velocity fluctuations and a single cold wire close by for 
temperature variations. The hot-wire theory predicts that it is unecessary 
to use more than one hot-wire. Sinea equation (71) has five unknowns, it is 
necessary only to make measurements with one wire at five resistance ratios 


and solve the resulting equations simultaneously. 
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If two wires on an X-probe are controlled independently by two HWS's 
with outputs measured on onperate meters, equations (69) and (70) may be 
solved together at five resistance ratios to yield the boundary layer 
properties. The two important correlated quantities are dominant in 
equation (72). 

The practice in this experiment of orienting the probe at 45° sim- 
lated an X-probe and eliminated the problem of matching the two wires to 
clese tolerances. Experience with the V-probe supports the comment made 
by Johnson (p. 54 of ref. 1) that it is unlikely I‘, I, 4, the time 
constant, length, dclameter and other characteristics of two wires can ever 
be watched simultaneously. 

4A few comments on the V-probe may warm others of the pitfalls of its 
pecullaritiec. 

Ice was first discovered thet the resistance ef the common current 
leac and center needle is unavoldably in one arm of the bridge circuit. 
Since the voltage across the center lead is proportional to the sum of 
the two wire currents, the bridge null for one wire is affected by current 
in the other, 

The second problem is serious, particularly in a thin boundary layer. 
The two wires are sufficiently separated to be in different stream condi- 


tions and do not correlate auantities at a point. 


The third problem has been discussed - that of matching any two wires. 


Finally, several times it was noted that wires on the V-probe were 
mot taut and straight several hours aftex rewiring. This meane that wires 


are not at the specified angle to the stream. 


E. Gic problem that detracts from the accuracy of the results is ambient 


temperature variations while the measurements are being made in a traverse 
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through the boundary layer. Using the minimum number of two resistance 
ratios at cach y, it required four to six hours to take data at seven points. 
Since the ambient temperature can chenge by several degrees during this time, 
it is desirable to hava a conetant-temperature air input to the tunnel. 

It was noticed that there vas considerable velocity fluctuation in the 
free stream on the axis of the tunnel. This masKed the “edge” of the 
momentum boundary Layer. 

To reduce the above defects of thie tunnel {it ia desirable that the 
entrance be fitted with a plenum where the air cam be heated a few degrees 
above the ambient at the same time the velocity fluctuations are being 
smoothed, 

Along with tunnel entrance modifications other test facility improve- 
ments should be incorporated. 

Although 2 complete survey of the boundary layer should include 
measurements at various distances along the plate, it would be well for 
the uninitiated to practice in boundary layers at least two inches thick. 
This means having an unheated starting length of at least 40 inches long 
and a heated section 30 inches long. The tunnel should be three to four 
feet wide to approximate ean infinitely wide plate, 

The heated plate should be well-inaulated on the bottom and equipped 
with heating coils and thermocouples for obtaining a constant (q/A) or 


constant temperature plate as desired. 


F. Of all the problems encountered in this experiment, that of measuring 
accurate (i.e. less than 52) true root-mean-square voltages caused the most 
consternation. The best available information indicated that the Ballantine 
Model 320 and Flow Corporation TBM were the only two metere commercially 


available reputed to measure BMS voltages on a random signal. 
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When the short time constant of the Model 320 wes lengthened, it 
became the most reliable instrument. \owever, both meters exhibited the 
annoying charecteristic of ineicating clfferent values of the same voltage 
on adjacent scales. The TBM becawa unusable fer this reason, and the Model 
320 gave ambiguous readings only st times. The limited "crest factor” of 
the Model 320 could permit peak clipping of the signal on the lower scale 
and thereby elter the waveform. However, such should not be the case for 
the TSM with its much higher “peak factor." 

This problem was not resolved and is the most likely cause of the 


wide scatter in the caiculated results. Knowing that this problem existed 
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provided the hint to smooth the data as a fumction of y before re-calculating 


uv and vt. Even se the improvement was not marked, 

It is interesting to note that the literature reviewed for this thesis 
makes no mention of true RMS measurements or time-averaged readings in 
similar work. 

The Model 320 could be improved by making a well-designed permanent 
modification to obtain a long time constant, mean square everaging circuit. 
If the meter time constant cannot be suitably controlled, then a five to 
ten minute time recording of the output could be graphically integrated to 
establish the best value of each voltage. 

A more elaborate scheme of calibrating the meter is needed. The most 
appropriate method would be to use a variable-frequency generator with a 
calibrated output adjustable from one millivolt to one volt. It could be 


used to resolve the problem of peak clipping of the signals. 


G. me test of eccurate data is ite repeatability. Time permitted little 
experimenting along this line, but it was often noted that the bridge could 
be rebalanced and currents reset to a maximum variation of one part in 150 


or 0.7%: 
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In the presence of signal fluctuations the galvanometer fluctuated also. 
This was particularly noticeable at high resistance ratios. In setting 
average currents it became necessary to average the needle fluctuetions by 
eye. Occasionally this led to variations of one part in 75 or 1.%. Pro- 
vision of a selectable time constant on the galvanometer would assist in 
setting more eccurate currents and resistance ratios. 

At the time they were téeken, meter readings could be averaged within 
2% in spite of the slow fluctuations. Rowever, it was rarely possible to 
repeat the data at a point because ambient conditions had changed. On the 
few occasions wnen it was possible to check results, meter readings vere 


well within 5% barring anomalies already discussed. 
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¥. CONCLUSI 


Hot wire anemometer theory predicta that both of the desired 
correlation quantities, uv and vt, can be obtained with a single, 
matched, X-wire prebe. Due to the extremely small volume affected by 
the fluctuation quantities at any instant, velocity-temperature sensing 
elements in a single probe is preferable to separate probe sensing 
elements. 

The inetrumentation system, modified as recoumenced in section VI, 
should yield data of sufficient accuracy for calculation of all the 
therma] boundary layer properties. The results presented do not affirm 
this statement without question, but they do indicate that further 
careful investigation is warranted. Refinement of instrument sensitivity 


and experimental technique are the paramount requisites. 
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VI. RECOMMENDATIONS 


The following modifications of instrumentation and facilities are 


required for accurate measurements of the thermal boundary layer 


properties: 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


Permanent modification of the meter circuit of a Ballantine 320 
toe odtain a long time constant averaging peried; 
Accurate calibration of all the range scales on the voltmeter by 
use of an accepted standard frequency meter which has a calibrated 
voltage output; 
Construction of an X-wire probe with the wires orlented accurately 
at 90° to each other and their resistance matched with 22; 
Construction of a longer heated section for the plate to increase 
the boundary layer thickness; 
Conetruction of a larger scale wind tunnel with an inlet heated 
plenum chamber to insure a constant temperature, constent velocity 
air stream in the tunnel; 
Procurement of an additional HWB, modified to include a sum end 
difference unit in lieu of the amplifier section. 

Im addition, the data processing techniques should be refined 
as follows: 
An averaging technique must be used over and above that which iz 
provided in (1) above - e.g., averaging of sequentially timed ob- 
servations, or graphical imtegration of the recorded output of 
the voltmeter; 


All five resistance ratios permitted by the wire sine must be used 
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to calculate all five terms of equation ¢7/ watil their order of 
magnitude is firmly established. Programming of these equations 


for cemputer use would considerably speed data analysis. 
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APPENDIX A 


NOMENCLATURE 


Cross-sectional area. 

Heat capacity of wire. 

Neat capacity of fluid at constant pressure. 
Constants. 

Wire diameter. 

Wire diameter, unite o£ 0.001 inch. 

Voltage (general). 


Output voltage from the amplifier due to square-wave current 
alone imposed on the wire. 


Ostput voltage from the maplifier due to squéere-wave current 
plus system noise, 


Outout voltage from the amplifier due to system noise. 


Qutput voltage from the amplifier deve to velocity fluctuations 
eon the hot wire, 


Output voltage from the amplifier due to velecity fluctuations 
plus square-weve current. 


Samet 68 @,- plue system noise. 
Same @8 @, plus system noise. 
Motewire voltage before amplification. 


Function expressing cooling effect on hot wire by velocity and 
pressure of stream. 


2 
Defined as st p? the derivative of F with respect to velocity eat 


constant P, P- 


Time-average value of fF. 
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£ Instantaneous deviation valve of F from F. 


a Rete of heat loss from the het wire per unit length. 

h Fiuid enthalpy per unit mass, 

I Hotewlre DC current. 

1 Time-average of I, 

i Defined as y, / the derivative of hot-wire current with respect 
to velocity at constant pressure. 

i instantaneous deviation value of 1 from I. 

i, Instantaneous deviation value of hot-wire current de to imposed 
square-wave, 


i,k, Rot-wire BC current of wiras a and b. 


Jy Amplifier multiplier coefficient of ¢,. 

Jo Aeplifier miltiplier coefficient of time derivative of e.. 
K) Meter constant. 

ke Coefficient of thermal conductivity. 

L Length of hot-wire. 

M Meter reading of true RNS voltage. 


Me Mog oMy shy Mae Myon slgy Meter readings corresponding to voitages, 
e, with same subscripts. 

Np, Prandtl number, equals c, A/k. 

Nae «Reynolds number, equals “Ub/@. 


P Preseure of fiuid in the boundary layer. 
P Time~average of P. 

p Instantaneous deviation value of P frow P. 
p* Pressure of fluid, units ot atmeopheres. 
q Rate of heat transfer par unit time. 

R Hot-wire resistance. 


a 


Lime~average of K. 
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Instantaneous deviation value of hot-wire resistance from R. 
Resistance of wire in equilibrium with ambient fluid temperature, Te 
Time-average value of K,. 

instentaneous deviation value of RK, fras ‘.. 

Resictance of wire in equilibrium with fluid tempeature, ¥.: 
Time-average value of Ree 

Instemtaneous deviation value of & : from Re. 

Resistance of wire at reference temperature, T.. 
Temperature, 

Time-average of T. 

Instantaneous deviation value of T from T. 

Ambient temperature of the stream entering the tunnel. 
Temperature of fluid at a point in the boundary layer. 
Time-average vaiue of Tee 


An arbitrary reference temperature for computing resistance of 
wire material, handbook valve. 


Surface temperature of the heated plate. 
Rote-wlre temperature. 

Temperature of the fluid in the free strean. 
Velocity of the fluid in the x-direction. 
Time-average vaiue of U,. 

Instantaneous devietion value of U from U. 
Velocity of the fluid in the free strem:. 
Velocity ef the fluid in the y-direction. 
Time-average of ¥. | 


instantaneous deviation value of V from v. 
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Velocity of fluid perpendicular to wires A and B, 
Velocity of fluid at angle from perpendicular to wire. 
General velocity perpendicular to wire. 

General deviation value of V», from its time-average. 
Velocity of fluid in waits of 100 ft/sec. 

Velocity of fluid in sedirection. 

Fime-average value of X. 


Rate at which work is dome om & particle of fluid due to external 
fields. 


Rate at which work is dome against viscous stresses, 
Body forces in the x-, y~-, and x-directions, 


Distances in the direction of mean flow, perpendicular to the 
plate and transeveree te the plete. 


Temperature coefficient of resistivity at T,. 
Temperature coefficient of resistivity at Fee 
Temperature coefficient of retistivity at T,. 

Thermal diffusivity, equals k/ p ey 

Kkesistance ratio, resistance of hot wire to resistance of cold wire. 
Coefficient of eddy heat (or energy) transfer. 

Coefficient of eddy momentum transfer. 

Angle between perpendicular to wire and mean velocity vector. 
Viscoaity. 

Kinematic viscosity. 

Density. 


Time. 
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Appendix B 
BOUNDARY LAYER EQUATIONS 


The general equations for viscous, constant-property fluid flow are 
quoted below. The Navier-Stokes equations of momentum and continuity in 


rectangular coordinates are: 


Momentum: 
P) ‘ i ye 
‘ = 729 reek sm [Pee (vv 
BY ~_ aP ba v (8) 
p bY - Feels m (PVs te 2) 


Continuity: 


Be + 2-(pU) + 2-(p) +3 (pw) = 0 ” 


The energy equation is: 
& aT) (I at)+2 («3t) W.,W. =o Dh _ DP (10 
2 ( +¥ ie: + Wialis = PD - 
where W, is the rate at which work is done on a particle of fluid by an 
external field and Wr is the rate at which work is done against viscous 


stresses. Also, D/DT represents the substantial derivative defined as 

The Navier-Stokes equations are simplified by assuming two-dimension- 
ai, stesdy, incompressible flow in the absence of body ferces for an ideal 
fluid of constant viscosity and thermal conductivity. Prandtl's order-of-~ 
magnitude treatment further reduces them until the result ia: 


Dav ,vov ..-1 BP yo &y (11) 
ox oy eC ax 3y* 
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and 


wo, a _o (12) 
Ox Oy 


for application to the boundary layer of a flat plate. 


Similarly, the energy equation can be written in a simpler form as 


Uee . Vet soe SL __ au \ (13) 
ax ” oy P&p dy* ¥ P Cp (at 





ca 
The last term, Fe- (av.) » £8 usually considered negligible. 
PCP Vox 
Thus the three equations of importance are: 





Moment unt 
Us Vou _- 1 FP 42x ot (14) 
Ox dy r Ox ay* 
Continuity: 
ms 2.20 
Ox - Dy ses 
Energy: 
Uo 7 Vat 2 wT (16) 
Ox Oy dy* 


with boundary conditions 


(a) at y=0: TaTs o 2-4. and Uao 
Oy kA 
(17) 
(b) at y= ~@: TsTo and Us UVa 
Multiplying the continuity equation by U, adding the result to the 
momentum equation; and multiplying the continulty equation by T, adding 


the result to the energy equation, then simplifying both gives 


ae GP 4220)) 2.0" AD)... 18 
Ax P oy Va - puv) sd 
oOo. (UT) - (19) 
e. ) a (¢g@w 
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In turbulent flow Reynolds assumed that all quantities are made up 
of an average value plus a superposed fluctuation component such that 
U=Utiw 
Vv=sVtv 
T=Ttet (20) 
P.P+p 
Substituting these in equation (18) and (19), multiplying out and taking 


time averages: 


jet) .a (ps a _- BV- wv) (1) 
a (UT +68) = 2 (eal - V7-v) (2) 
dy oy 


In general uv and vt may be expected te have values other than sero 
as argued below: ‘The U velocity profile in a beundary layer over a flat 
plate is as shown in the sketch, Fig. 5. Chosing a point at x,y: If a 
‘packet’ of air goes by the point in a-+ V direction, air from closer to 
the plate will be forced into the ‘hole’ left by the packet. On the aver- 
age, the entering air will have a U-velocity less than that which is aver- 
age for the point x,y, This corresponds to a (-u) as observed at that 
point. 

Conversely, movement of # packet in the (~v) direction gives rise 
to a (+u) velocity. 

Consequently, where there is a gradient of U, a (+v) produces a 
(-u) and a (—v) produces a (+u), therefore the product is negative on 
the average. u and v are eaid to be ‘cross-correlated’ such that 


+¥ 
je - Climien (uv) Ar 
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Close to the plate the ute becomes laminar in the sub-layer, so u 
and v tend to zero. At the edge of the boundary layer where the gradient 
of U disappears, u and v tend to croas-correlate in a random fashion so 
the average is zero. 

In summary, the expected behavior of uv as a function of y should ap- 
pear as shown in Fig. 6. Parallel reasoning leads one to expect a positive 
correlation of vt where there is a gradient of T such that 

+% 


Teco at ae (24) 


These results are sketched in Fig. 7. 

There is alao a gradient of temperature in the x-direction producing 
a ut correlation, but usually the gradient of T in the x-direction is 
much smaller than in the y-direction, fluctuations in T are oemaller, so 
ut is expected to be an order of magnitude smaller than vt. Johnson in 
reference (1) does show results, however, that indicate ut to be, about 
twice the magnitude of vt. In this thesis ut cnacels out of the formulas 
used to calculate vt. Its order of magnitude compared to oo is therefore 
not determined. he 

Tt must be remembered that near the ‘edge’ of the thermal boundary 
layer ut and vt could become comparable; however the methods of measure- 
ment are unlikely to detect these quantities with mch certainty near the 
free stream. 


The concepts of eddy shear stress coefficient and eddy energy coef- 


ficient are defined by: 
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(4) 
where Ee and &» are probably different functions of y. 


When these definitions are substituted in equations (1) and (2), the 


result is | 
Goel se) -. Be vela)eb - BV 
= +e U+eu $ Ys +p 5. inte 
and 
AvG@ii —<&) 2 |\(.%eiat _ FF 
Ox oy Oy (26) 


Selutions to these equations have been obtained for various simple 
geometries and sesumed empirical distributions of pressure, velocity end 
temperature. In most cases the ratio of E,, to E, is assumed to be con- 
stant or some arbitrary function of y. Very few measurements of €,, 


and En are available. 
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Appendix c* 
HOT WIRE ANEMOMETER THEORY 


A, Steady Flow. 
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Hot-wire theory has been well developed for various ideal cases. Most 


of the theory is based on King's equation which appears in various forme 


such as 
k(T,, = Te) 


or alternatively 


Ho = (Ty - Te) | Cok + Pa a ae | (28) 


For a gas, a is proportional te P/T., and for air Kt, is approximately 


independent of pressure and temperature such that 


H = (Ty - Te) FCPY,) (29) 


F(PV,) =a 09.56 + 6.6 V B*v*p* ] (36) 


The Flow Corporation, Cambridge, Massachusetts aupplies het-wire an- 
emometer equipment which makee use of several interesting techniques. 
First, the equipment is of the ‘conetent current’ type. Second, all 
measurements are made with the hot wire at a selected resistance ratio 
above the cold wire resistance. Third, measurements of unknown signals 
fron the wire are made relative to a known square-wave signal applied to 
the wire from an internal circuit. 

A summary of the principles of wire theory will give adequate wder- 
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® This appendix is bases primarily of references (3) and (12). 
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standing of wire operation. 


For a hypothetical fluctuating flew, the power input to the wire bal- 


ances the power carried awey by the stream, 
Im = AL = (Ty - TT) L FOV) (31) 
Aisc, neglecting second order terms, 
R=R | 1 + colt, - To) | (32) 


where B., {o, and T, are arbitrary corresponding quantities. These can 
be chosen as Ry, C¢ ani Te at the ‘cold’ temperature of the wire assumed 
to be in equilibrium with the stream ambient tempereture. Therefore 
R= Rell + Lelty - Te) | (33) 
Selving (33) for (T, - T,) and making use of 7°. R/Be, equation 
(31) becomes 


L F(PVp) 
1? qa — = nnnnnnetes ~ 


de Re 
in steady state, therefore, a measurement of I will give the PV, 
product since all ether quantities are fixed. In practice for a partic- 


uler wire at low velocities « calibration of I ve Vp is made assuming F 


ie nearly constant. because it usually results in a atraight line, the 
calibration is usually plotted as 1? vs V5 giving graph that may be 
represented by an equation of the form 
m= 0 + 6, /¥, (35) 
The derivative with respect to velocity is 
di €2 (36) 


“a, * Tyr 


In Flow Corporation literature the quantity dI/dV,, is denoted by . 
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3. Turbulent Flow. 

When the stream ic turbulent, no steady state exists end the opera- 
tion of the wire must be analyzed from a time dependent appreach. The 
wire stores heat. Since it carmot change heat storage instantaneously, 


a power less balance for the wire is 














caL = [| -_ FCEV 37 
ra = rey 
From equation (33) 
9 ty Ll ok 
= ———— 38 
et he Re Po) 1 _ 
and F(PV » 2 F(PY,, . Pv,) (40) 
where alec 
oF 
r(PV,, + Py ») = F(PY,) +e — | ‘s = Fry, >}+ y’ Vp (41) 


fubstituting these ia a (37), expanding and subtracting tha 
eteady state equation (31) leaves 





dr 
eaAlL = = de &e i*s —- LR -R,) F %, L¥ xr (42) 


Simce the voltage across the wire is 








ms = &6 (43) 
equetion (42) bewomes 
d ~ _ ’ 
cat =[far - a] e-u @-ay rr vy (44) 
Solving for v,: 
. 2 
LF «< I ecAL é ® 
ee =| cs 
L (-R,) IF! ¥ LR IPF ét 


Thus, the fluctuating velocity component, v,, is a function of the 


p 
voltage and the time derivative cf the voltage induced in the wire by the 


velocity. The Flow Corperation HW3 performs this operation such thet the 
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¢ e, 
€ —_-$ *.€ + @ (46) 
t l “w 2 avr 
J, is a constant but J, is adjustable so that 
LF — Sek, 1 
J, = dp» a (47) 
cAL 
Solving (45) for e, or de./ dt and substituting in (46) 
Jy LG -R) 1 F Jo I (R + Ry) F 
LF -— Le Re z cA 


if equation (47) is true. The adjustment of the ratio of J, / Jo is made 


by observing the amplifier output on an oscilloscope when a square-wave 


current is fed to the wire. The process of  compenset ing the amplifier is 


detailed im Appendix DBD. At the point of proper compensation with the wire 


in still air, the wire response to the square-wave current is 


25, 1°RR, Le 
&.= ee ee i. = eee i. (49) 


where ist + & (50) 
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It met be realized thet in the derivation of all equations, fluc- 
tuating components are small compared with the average valves. This al- 
lows neglecting second-order products of the fluctuating componeats as 
being immeasurably email. Even when this is net strictly true, the 
wethod of normalizing represented by equation (51) compensates for some 
éeviation. 


C. Turbulent Flow with Tomperature Fluctuations. 

A £luid in turbulent flow past a heated eurface will become heated 
in some fluctuating manner. The effect of varying fluid temperature may 
be regarded as a change in the ‘cold’ resistance of the wires, &,, such 


that 


val 
) 


Re + r. (54) 


= Rel b+ de Gy — t.) | (35) 
Combining these with the power belence equations in the presence of 
velocity fluctuations pius the relations 
* = Ir 


e, = Jy¢ e@., - 


eAL de, 
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L ~~ Ry) 
gives e, t 
i ewe 4 8 ey eee = CO (56) 
e R—k, & 
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Noting that ™ = t+ t (57) 
> = Re| L+ £,(t, — 1] (55) 
and 
tT = dete (58) 
leads to * 
e. de ! 


a + 20 vi me eens t= CSD) 


. PH [14 Sek te] 


€, and e, have been taken as the outputs from an ideal amplifier. 
An actual amplifier will have an output of(e, + e,) and@, + e,} When 


this output is fed to a true RMSvoltmeter, the iatter will have a reading 





of 

Men = (60) 
| y lim 2 "a 2 
or Men = Ry Fe cae ah (a. + @,) ¢t : J (61) 
But the time average of the voltage is (e, LA e,? = e es ag 


since the time average of @,¢, = 0. That is, there ia no correlation 
between noise and signal. 


Therefore, “9 > 
Men = %y e, + & (62) 


and = 
M, = B | e? (63) 
Tt follows that ! a — «! = & oe? (64) 


the RMS value of e,. For the square-wave 


/ Me on al Me x K e2 — KR, e.° (65) 


Squaring equation (59) anc making use of the meter relations gives 
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4 ™ 
Men - MG . wwe rs 
(2 iy” . = (2 rt) Ve = : — = 
ten - Men y= [2 +&,(T, - t.)] 


‘ 2 

; ae 

# EE ¢* (66) 
a =| 1+ L,(%, - T,)| 





4 set of simultaneous equations can be obtained by measuring all 
quantities at several resistance ratios. For more then three resistance 
ratios the unknowns are overdetermined and the method of averages or 


least squares can be used to evaluate the unknowns. 


D. Resolution of Velocity Components. 

The foregoing analysis essumed that the velocity was perpendicular 
to the axis of the vire. Within 70° or more from the perpendicular, the 
cooling effect on the wire varies as the cosine of the angle, that is 


v cosQ . A wire at 48° to the average stream direction has an 


ga = * 


b 
average effective velocity 1 fy¥2° times the stream velocity. This ap- 
plies equally to the steady value and the fluctuating value of the veloc- 
ity. 

Consider only the fluctuating components in the turbulent stream > 
because the amplifier filters out all DC wire response components. For 


two wires at + 45° to the stream, 


u+y 
ee (67) 


V2 





Vb (68) 


Setting v, = Vp? then vy, = Vp» equation (66) becomes 


35 





Ain GEE PIP taE ns Se CS petpryniats & sma 4 
Reet ee ene aT oe te voli) fame deiees Lovewwe 26 selsisacup 


: Tm samegee, 9 Satven “2 fm Seabrestiywm yur vqromiae of) soltes 
semaine od peewtees of baat at a2 Lume eal 


Amman eLgGLAT Yo mea 
a A a : 
tinge BAaos wa oe wile e@3 So thas ens oF 
aig or Ue selem> oat pm erey tte ia Od pw soehe peas 
ee ec = 0 Pp ch dan ra 
Pore cree ont meme EV L lemton wvitnette agoners 
aid Yo aude gustan? Wo mb sata ghAae mas OF YLlegpe satlg 
Se: widens ainda coon. 
SSRIS ete eile le pie oxillh scilicge of) cunts 
srumeie ois op Pte + 8 worse ons 





ae 
“a 4 








2 2 
Watt | -ema 2122 (ue + 2B av 
wel> . | = fa ui + 2av +v ) 
2 


\ a 
22 LS, YT, 


sen ~ “en 
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e te . _y 
+ ee (69) 
v—fi+dk.C, - T,)| 
and 
M, - = —_ 
|Z ~ Mey b 
2/2 £. & ii 
Ve S, (a - We) 


' 7 —[1+h.%, - 1) 


ere 
+ (70) 
Y—Li+d.G, - 1 5h * 


Subtracting (69) from (70): 


2( m2 - 12 cut + wv ) 
~4( 24°) W 
2y¥2 f, 
a el eee “eainiiai*)' 
a—[1+£, (8, - Te) 
. 242 Lf, . 
e—fi+d, (7, oe i 


z 
of 1 +£,(t, ; t,)| 


I, th, - 1h Ta ) OF 


36 


of 





(Sia + V) Sere {Ele g) 
i — a pe at Ne 
et Ww es ae 
i, at Ble 
(We) 
a fe Foot 





Kf = gly ara] "6 
[ ome 


| i, o® . 
lig Pare tl—% . 


(79) ast (08) solar 
-} [ees 


Eaecbae 
Ce + Sean Mer - Meas 








4 


wat fy ee 


> 


wig h- © ¥ io “i ne m4 7) Lime! —% 


——— 





FH " “4 i= 


6%) 





ree tech 


37 


Fortunately, the two most important quantities of interest in the 
boundary layer analysis are the dominant terms in this equation. It re- 
duces to 

Zé 
21] Men - me ne, » ue 2__ 
Mgcn - Men/ pb Neon - Min/a 
272 (I, + Ty) I'g<e 


fox two ideally matched wires or a single wire turned successively to the 


two orientations of + 45° to the stream. 
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APPENDIX D 


EXPERIMENTAL EQUIPMENT AMD FACILITIES 


(a) Wind Tupnel 
The experiments were conducted in a tunnel whose test area has a 


one foot square cross secticn. Atmospheric air was drawn through the 
tunnel by an exhaust fan powered by a one quarter norsepower AC motor. 
The flow rate through the test section wes controlled by a damper in the 
exhaust line. The maximum velocity attained vas approximately twenty-six 
feet per second. The velocities were measured by a pilot tube probe 
located on the axis of the tunnel three feet upatream from the test 
section. A micromanometer was connected to this prebe. 

The boundary leyer was developed over 4 flat plate which consisted 
of a twenty-nine inch unheated starting length and a twelve inch heated 
section. The heating element provided approximately constant heat transfer 
per unit area, The blunt leading edge of the unheated plate tripped the 
momentum boundary layer. As shown in Appendix £, the thickness of the 
momentua and thermal boundary layers at the test station were estimated 


to be 1.32" and 0.48” reapectively. 


(>) Ixwe AMS Millivolemeter 

An instrument that measures the true root-mean-square voltage of a 
randos input signal was required. There are two commercial meters avatil- 
able which perform this functien. They are the Ballantine Laboratories, 
Inc., model 320 and Flow Corporation, model TOM, The principal difference 


between them is the manner in which the input signal ie averaged. The 
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model 320 uses an amplifier and a squaring circuit of the segmented type. 
The model TBM employs a unique design thermal element. The principal 


cheracteristics of these instruments are: 


Characteristic Medel 320 TBM 
meter range (rme volts) 0. 0001-320 6.0001=250 
frequency response (cycles per second) 15-150, 000 2-250,000 
linearity over frequency range tm = gm 
time constant ,including weter move- 2.25 15 

ments (seconds) 
peak factor § ratio of period to — 10 

pulse width 
erest factor = ratio of peak to rms 5 — 
amplitude 


Tue to the presence of many low frequency components in the turbulence 
velocities being meacured, a relatively long averaging period is required 
for accurate results. The problems encountered with these metera are pre- 


sented in Section IV. 


(c) Probes 

Both a single wire and a Vewlre probe were used in this series of 
experiments. Each had tungeten wires of 0.00015” diameter with sensitive 
lengths of 0.040". These probes are shown {n figure 4. 

The single wire probe was used to simmlate an X-wire probe as noted 
in the discussion of results. The best resulta were obtained in this 
manner. The V-wire probe had « 90° included angle, and the sensitive 


segments of the wires were located as ciose as possible to the apex. The 
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resistance of the wires was matched to less than two percent. The problems 
previously discussed severely limited the use of this probe. 

The probes were mounted on a traversing mechanism with a micrometer 
adjustment to accurately measure the distance from the heated plate. A 
calibrated index was used toe change the angular orientation of the probe. 

A carefully constructed X-wire probe correctly orlented to the free 
stream velocity vector would satisfy the assumptions made in the derivation 
of equation (72). I¢ would eliminate the principal problems encountered 
with the V-wire probe - i.e., space resolution and needle resistance. Such 


a probe was not constructed fer this thesis due to fund limitations. 


(6) Apemometer Circuits 


There are three principal circuits required to transform the wire 
signal into the data required by equation (72) ‘These are the resistance 
bridge, square-wave circuit, and amplifier, They are conveniently pack- 
aged in the Flow Corporation Wb unit. ho other commercially available 
anemometer equipment meets the requirements for measuring fluctuation 
quantities. 

The bridge circuit provides 4 wethod for accurately measuring the 
wire resistence. This is the fundamental quantity which is sensitive to 
velocity and temperature fluctuations. The resistance of the wire at any 
operating condition is calculated from measurements of current (1), voltage 
(Cy) and resistance ratio (YX). 

The amplifier section boosts the AC components of the voltage across 
the hot wire to a readable level. it also takes the time derivative of 
the wire voltage and adds it to a fraction of the wire voltage. This 


fraction is selected by adjusting the compensation dial to obtain minimum 
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signal distortion. To properly set the compensation, a square wave is 
impressed across the bridge circuit and the amplified wire eignal is 
displayed on an oscilloscepe. Correct compensation is obtained when the 
square weve appears linear with a sharp peak at the leading edge. This 
vertical peak superimposed on 2 square wave represents the addition of 
the derivative to the input signal. 

Any random input signal to the amplifier may be represented as a 
Fourier series. The output voltage is therefore a function of frequency. 
For accurate measurements all of the frequency components should be passed 
by the amplifier. The HWS has a quoted bandwidth of 2 cps to 100,000 cps. 
A farther error would be introduced by overdriving the amplifier. To 
prevent this, the attenuator dial was set at ‘'16' which corresponds to 
1/16 of the maximum gain. 

The square wave circuit provides a reference voltage to the wire for 
two purposes, First, the square wave is employed to set the amplifier 
compensation. In addition, it is weed te calibrate or normalise the vire 
voltage that results from stream fluctuations. 

One other plece of anemometer equipment, the Hl, waa used to a 
limited extent. It contains a wire current control circuit and a sum 
and-difference circuit. It is used im conjunction with the AWB unit and 
a dual-wire probe. The sum-and-difference of the instantaneous signals 


from two wires is required to caleulate fluctuating velocity components. 


(e) Oscilloscope 
The output signel ef the anemometer amplifier was displayed on an 


oscilloscope. A Dumont, type 322, duel channel instrument was available 
in the laboratory. The dual beam presentation will be found particularly 


useful with an X-wire probe, 
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APPENDIX E 


DATA CALCULATIONS 


1. Wire Calibration 


Before each wire was calibrated, it was ‘aged’ at a heating current 
slightly above the maximum operating range. Its velocity response was 
determined by calibration in the free stream of the tummel. The wire was 
oriented perpendicular to the flow and measurements were made of wire 
current for varioua resistance ratios. The air velocity was controlled 
by a damper in the tunnel exhaust line. 

A pltet tube with a micromanomeater way used to determine the air 
velocity. A light 011 of 0.827 specific gravity filled the manometer 
tube. All caleulations included corrections for atmospheric pressure 
and temperature in the tunnel; however, since the temperature variations 
were saall, no correction was made for the density changes of the oil. 
The following equations were employed to calculate velocities in the 


tunnel: 


Us V 2gh = |2¢g)¢n 0.827 Fy * 
PA 


s | 2(32.2 ft/sec) _h inches 0. er ~ ORs 2 ibe/ ft ‘Ih 
[ 12 inches/£t te /ft 


Us 16.6 Ell 
CA 


where, Pa * P15" cy 9799)¢ > om Wg) . (0,076 $31)(0. 3789) <p) 
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Typical calculations for two resistance ratios with data taken on 


7/3/58 follows: 


Pa = 762.15 mm fig ; t, * 27.5% € 


Ppt £04928 91) 4782415 ital) . se 2 0.07352 lbe/fe> 
U = 16.6 | hoes : eb vhs 61.2 Vb 
> lin)’ te/ece et /eed ye1.2 Fels y= 1.2 1.4 

0.195 0.442 27.1 5.20 35.06 45.35 1229 2057 
0.153 6.391 23.9 4.89 34.48 44.68 1189 1996 
6.139 0.373 22.8 4.78 33.90 44,28 1149 1961 
0.117 9 9..342 20.9 4.57 33.80 43.75 1142 1914 
0.082 0.286 17.5 4.18 33.18 42.88 1101 1839 
6.040 0,200 12.2 3.49 31.35 40.75 983 1661 
9.000 0.000 0.0 0.00 23.25 39.32 541 919 





This data is plotted in figure 8. The curves follow the general shape 


predicted by the King equation for hot wires: 


sc, +6, 


2. Determination of 1' = 91/90 
The slope of the curve of wire currant versus incident velocity (1') 
is one of tae quantities required for the solution of equation 72. biffer- 


entiating the King equation, we obtain 


2I°dL = 0 4 Ca ww)? au 
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4 GQ aaa 
IAS 





where Cy is the slope of the culibrution curves obtained in part 1, above. 
For the free stream velocity chosen for a particular experimental run, the 
value of (\U) is computed and the corresponding current (I) {is read from 
the calibration curve. ‘ith these values, the required slope (i') is cal- 


culated. kKesewilts are show for a tunnel velocity of twenty-six feet/second. 


—— 














v wo , y . C3 . 1’ 
ft/sec (ft/sec) * (ma) /£t/eee)® ma ma/ft/sec 
26.0 5.10 1.2 132.6 34.86 0.1865 
1.4 217.4 435.03 0.2366 





Ae discussed in appendix C, a square wave is employed as a reference 
voltage to determine the anemometer’s response to a fluctuating voltage 
across the wire. The #*8 amplifier compensation is set by observing on an 
oscilloscope the waveform which results when a square weve is impressed on 
the wire circuit. An undisterted waveform indicates the proper calibration. 

To determine the effect of compensation setting on the voltmeter output, 
measurements were mace in the free stream with the hot wire oriented verti- 
cally. The values of Mg, and Mgg, were recorded as the compensation was 


varied. 
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fiat = Mon Men MS Mgen MiG Me (Me ) 
Setting (mv) (mv) Me 
60 12.8 47.3 164 2230 64 100 2066 0,0484 
80 13.3 55.2 176 3040 66 «12 89-2864 0 0391 
100 15.6 64.7 242 4170 64 1738 «= 3928 «= (00454 
125 16.2 74.0 262 5460 64 198 5298 0.0382 
150 17.2 84,0 296 7059 64 «232s«GTS4 (0B 4H 
200 22.2 126 492 15850 64 428 15358 90,0278 





This data is plotted fn figure 9. The response is approximetely linear 
with no aharp null or peak; hence, proper calibration is difficult. It is 
estimated that the error introduced in the quantity (H,/H,) 7 when setting 
the compensation is of the order of 2.2% when the dial is varied by one 


Gial unit. 


4. Square Weve Current 
keference 12 gives the following formula for computing the square 


current of the HB: 


. of atin. o te Sn. » Je 
*, an) © “hee+ GWYN) = fi 
& 


where (BN) is the bridge null aetting. It is important te maintain the 


battery supplying this current near its rated veltage. 
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Y BN (XY) en D ig 
(ma) 
1.2 477 572.4 972.4 1.255 
1.4 477 667.8 1067.8 1.142 





5. Temperature Profile 
The pertinent formula for calculating the difference ( At) between 
the temperature (T) at a point in the thermal boundary layer and the 


stream ambient temperature is derived as follows: 





2 
E(p¥) = qy So ~ C=) = re 5% G R 
L “Ke L “f 


2 
from which, ( <b) = R = Ry e Tt ~ Tp 


where (1,) ie the wire current for a cold plate and (I.) is thet 


current for the heated plate. 


| = > S-1 
Taking Rk = Ke E +X 1 ipl and rearranging, T = Tt. + { X g ) 


2 
substituting, ( LL [cy -/% 
etituting (= * [VD ae] 4 (7 te) 


Rearranging, 7, - T.) ba i ¥i -(2 sy") 


Xx 
mane. “ 1 +OQ(T, -Te) ete 
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and substituting, it can be show that 


—— 
XK. 1 - 2} 
(J -l) b= (1y/19)4 


For an ambient temperature of 24a? C, the coefficient iS is 


computed as follows: 


“x -£ ee ‘ 5.00034 e 0.00444 
w 1 +K (Let) 1 + 0,00956(24.8° ~ 20°) 
Sinee the wire is more sensitive to tenmmeratvure variations at low 
currents, the data fer the temperature profile was taken at a resistance 
tratic of 1.1. That data and the valves computed with equation 73 are 


show in the table below sad plotted in figure 10. 
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y Ty Ip (T=1,) , 
(im) (ma) (aa) &, o (fT tT, 

¢ c) 4 1 
% = 

————————eEeE——eEeE——— Ct 
0.068" 29.91 22.51 3.13° 0.391 
0.418" 21.06 24.05 3,78° 0.472 
0.168" 22.41 22.42 1.92° 0.240 
0.218" 22.75 22.5} 1.45° 0,182 
@. 268” 23.06 23.66 we ty 0.161 
0.263" 23.35 23.74 0.73° 0.092 
0.463" 23.92 3.85 ~0,14° «0,088 








The acrmelized tewperature srofile is olottec in figure 2 of Section IIIf. 
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The velocity profile across the momentum bouncary layer is obtained 
with the plate cold and the wire oriented vertically. The values of current 
recorded are then used as argumenta to enter figure 8 and cetermine the 
velocity. ihe data and results are shown below together with a plot of the 


profile im figure 11. The normalized plot appears in the RESULTS. 











y i s* , uo. u v 
(in) (ma) (ma) (it/sec)} (ft/sec) _ 
0.068" 44,00 1936 4.63 21.44 0.758 
0.118" 44.35 1967 4.78 22.85 9.807 
0.168" #4 648 i973 4.82 23.23 0.821 
0.218" 44.66 1996 %.95 24.50 0,866 
0.268” 44.78 2005 4.99 24.90 0.880 
0.368" 4 9d 2023 3.04 25 40 U. 898 
0.46¢"' Q5eik 2036 310 20.01 0.920 
¢ 45.70 2088 5.32 28.30 1.000 





7, Boundary bayer Thiccness 
The following equation may be used to predict the womentum boundary 


leyer thickness, 
“1/5 
Van % 
3 m baal O.37x (— ) 


Considering a point twenty-nine inches from the leading edge of the plate 
and a free stream velocity cf twenty-six feet per second, the thickness 


will be, 
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Vee 2 (26 ft/sec)(3600 see/hr) = 9,36 x 10" ft/nr. 





o/. 





m oVEZ9l 
(298.0) 


(t \. + 2fs. a 


2 
Y2 LL = Uehbl Apefferby . gig ft 
a hr 


0.0747 lbs/£t3 





= 0.0747 lbs/ftt? 


eK = 29 inches ® 2.42 ft, 


' “+ “1/5 
then = (0.37)(29 inchea) | $2.26 410 ft/br) (2.42 ft) 
dn ( oe (6.15 ftefbr) 


(10.732) $10.13) 
$=" Gis x 1s * (13) ao 


this thermal boundary layer thickness may be calculated in a similar 


maanet employing the following equation taken from reference 14, 


im: 7(c=-1) 
S(1L5-70) 15 -7b 
‘y + Keg (“) (ett )@ ) 


allt a a 7S 
where, Ky = ] 


K 2 ©.0167; b 24/5; c® 1/3 
7 
1/7 15-546 
CoM, 
Rye = ~E—- = 0.71 ond x * 10 inehes 
“0.1701 “0.4 
thea, S 2 0.243 (3.68 » 10%) (0.71) "(aay 
= Ss)... i: 
ee (5.96) (6.844) ———— 
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8. uv Correlation in "Cold" Momentum Boundary Layer 


In the cold plate condition, equation 7 may be used to calculate the 


quantity uv. 


rae 
2q1 ) Mgen™ my 








Moen 


Data was taken at two resistance ratios and averaged. 





The values of (1I') 


were taken from section (b) of this appendix, while i, was calculated for 


a bridge null setting of 483 by the method of section 4. 


The remaining 


gata is shown in tabular form together with the results obtained, which 


are plotted in the RESULTS. 





Yu 1.2 


averaged values 


ee 


Gin) os r— on) a “oO ’» (ét/sec)? 
0.068 24.2 61.2 7.50 31.0 62.8 #2475 =0,00407 
0.118 23.4 61.3 " 29.2 63.3 2.48 =0,00367 
0.168 21.8 61.2 " 27.3 62.6 =2.25 =0.00333 
0.218 20.8 60.7 " 25.7 61.0 =1.82 =0,00269 
0.268 19.4 60.2 " %.8 61.5 #1440 =0.00207 
0.368 19.1 59.7 ‘ 23.3 62.4 “1.29 =0,00191 
0.468 17.0 59.0 " 19.6 61.8 0.929 =0.00137 

= 1.4 
0.068 60.9 128.0 7.45 79.5 137.0 
0.118 59.0 128.5 ” (73.4 126.5 
0.168 53.5 125.6 ” 72.5 131.0 
0.218 50.3 1%.0 =” 66.3 129.5 
0.268 47.8 123.0 ” 60.2 130.5 
0.368 45.5 1225 ” 60.3 127.0 
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9. uv and vt Correlations in Thermal Boundary Layer 
On the hot plate condition, equation 72 may be used to calculate 


the quantities uv and vt. Rearranged, 
¥2 (Ia* Ib) Xx 2 10a, ou wou? 
—— £ 7 — eee es o 
uv - ? y-{2 +@he (T,-T.} 2¢1')? Fae ) Cee) 


Data was taken at two resistance ratios as for the previous calculations. 
Great difficulty was experienced in obtaining reasonable results because of 
the scattering of the data. To reduce the rendom errors present the data 
was plotted in figure 12 through 14, and faired into smooth curves. The 
remainder of the calculations were carried out with the smoothed data, The 
raw data, the faired data and the final results are tabulated below. Normale 


ized curves of the results appear in figures 1 and 3. 














Raw Data 

Ye 1.2 
a wh wh om “as Ss ee’  - 
0.068 121.0 127.8 7.5 41.7 60.1 61.7 16.5 
0.118 121.1 129.9 n 41.2 50.2 61.0 70.2 
0.168 125.0 132.2 - 34.3 39.9 58.7 62.6 
0.218 126.1 132.3 " 28.1 33.5 56.5 53.7 
0.268 128.0 131.8 “ 25.1 29.5 53.7 57.5 
0.368 128.8 132.9 " 19.7 26.4 52.2 53.5 


0.466 130.1 132.8 - «4177 21.9 52.2 53.0 
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Figure 14 
Vo.traae Data For 
Heateo Prate 3 = 4.4 
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~ = = of co “a “s- “or 
0.068 163.0 169.2 7.5 79.7 108.0 126.0 144.0 
0.118 163.8 171.4 " 78.5 102.5 125.0 143.5 
0.168 166.3 173.3 " 64.7 «83,42 129.0 = 128.0 
0.218 167.7 174.3 " 56.0 68.6 2112.0 124.5 
0.268 168.5 174.3 " 49.8 63.6 108.0 114.0 
0.368 169.8 173.6 " 44.5 $6.0 206.5 112.0 
0.668 170.0 173.7 " 41.0 49.3 1204.0 110.0 
Faired Data 
_ VS #1. 

y la iy (Mg) 2 (Mig) ar)? 
(in) (ma) (ma) (mv) 2 (my) (av) 2 
0.068 30.01 31.93 1690 3520 2350 
0.118 30.65 32.51 1620 2410 " 
0.168 31.18 32.89 1130 1600 " 
0.218 31.60 33.06 770 1100 " 
0.268 31.88 33.13 530 810 " 
0.368 32,23 33.19 330 550 " 
0.468 52.47 $3.20 240 440 " 
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O.eci O.@ff £.28 te " €.60% €,80f  8d1.0 
Qa.  O.88f 2.88 0,82 " €.ote 8.fa 888.0 
O.orr 6.208 2.08 a. . C.atr 888r = BDE.O 
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Faired Data, con. 
Ye 1.4 
2 2 
dy oh ta 
0.068 40.87 42.30 6320 11650 9400 
0.118 41.13 42.81 6040 10250 = 
0.168 41.55 43.22 4190 7380 . 
0.218 41.59 43.42 3130 5000 . 
0.268 42.10 43.50 2470 3840 . 
0.368 42.41 43.56 1830 2790 ‘ 
0.465 42.56 43.58 1600 2400 ss 
Results 
Gin) (ft ) PP ‘ y ov aoa 
Uso (ft C/sec} Yoo{Ts-T 2) 
0.068 +4.,69 +0.00694 +726 40.0383 
0.118 2.74 - 0.00405 41.74 ¢0.00837 
0.168 @3.35 -0.00496 +0.422 46.00202 
0.218 “1.41 -0.00209 #0.633 +0.003046 
0.268 =0,641 *0.00095 40.737 +0.00354 
0.368 0.205 “0.90030 40,686 +0.00330 
0.468 *0,002 40.00000 ¢5.693 40.00333 
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